Introduction
Characterization of materials in an atomic level is crucial to advance the fields of nanoscience and nanotechnology. Surface imaging by scanning probe microscopy (SPM) is a conventional method for seeing the characters of materials and/or electronic devices. Among various types of SPM techniques, scanning tunneling microscopy (STM) and noncontact atomic force microscopy (NC-AFM) 1) have been used in imaging surface atoms. Although both methods allow us to obtain atomic resolution images, the measurement quantities are different. Tunneling current detected in STM correspond to local density of state of the electronic charges of surface. NC-AFM can image surface topography. 2) In order to understand material properties in atomic level, simultaneous measurement of the tunneling current and atomic force is required. To date, various AFM/STM measurements have been done using silicon [3] [4] [5] and metal [6] [7] [8] tips. Although we can expect high resolution images using the Si cantilevers, interpretation of the image contrast in STM becomes more complicated. This is because obtained tunneling current includes both property of the tip and sample.
In this paper, authors demonstrate simultaneous AFM/ STM measurements with high spatial resolution on various surface systems. In order to improve the quality of the simultaneous imaging, we have employed Si cantilever coated with PtIr film. For imaging the surface using atomic force, it is preferable to detect large interaction force for improvement of signal to noise ratio. Because of the metallic property, it is thought that interaction force between atoms of PtIr tip apex and sample surface is different from the case of Si cantilever. But our expectation is that the PtIr tip picks up Si atoms at the apex itself during scan. This enabled us to detect force and tunneling current simultaneously. The same mechanism has already been discussed in the case of the NC-AFM measurements on ionic crystals. One obtains atomic resolution image of the ionic surface after the AFM apex picks up the cations or anions during scan. When the apex atom is the cations (anions), surface anions (cations) would be imaged as bright spots.
Experimental
We used a home-built NC-AFM operated at room temperature (RT) and ultra-high vacuum (UHV). The base pressure was less than 1 Â 10 À8 Pa. The cantilever displacement was detected by an optical interferometer. Si cantilevers which were coated by PtIr and cleaned up by Ar ion sputtering were used in the constant amplitude mode. Usually tungsten tip is used for STM measurements. In our case, to reduce the oxidation of the tip apex, we have selected PtIr coat AFM tip. In order to perform the simultaneous image acquisition, we have controlled the tip-sample distance by keeping the Á f constant and obtained AFM topographic images. During the scan, we measured tunneling currents and imaged them as STM measurement at the same time.
Results and Discussions
Using the PtIr AFM tip, we have performed AFM/STM measurements on Si(111)-(7Â7) surface. We have prepared the Si(111)-(7Â7) surface in UHV by degassing at 600 C for a few days, flashing at 1200 C, and cooling down slowly from 900 C to RT. We cleaned the PtIr AFM tip by Ar ion sputtering, and introduce it to the AFM observation chamber in-situ. Figure 1 show images of the AFM/STM simultaneous measurement on the Si(111)-(7Â7) surface. Images of AFM ( Fig. 1(a) ) and STM ( Fig. 1(b) ) were obtained simultaneously at Vs ¼ 400 mV. In the same way, we have performed simultaneous AFM/STM measurement at negative bias voltage (Vs ¼ À500 mV) as in Fig. 1 (c) and (d) of AFM topographic and STM images, respectively. In the both positive and negative bias voltages, single atoms are clearly imaged. Contrast difference between the faulted and the unfaulted halves in Fig. 1(d) means that tip condition was preferable for STM measurement.
Usefulness of the AFM/STM measurements is increased when one studies some relations between topographic and electronic properties of surface system. As an example, we applied the simultaneous AFM/STM measurement on Ge(111)-c(2Â8) surface in which the surface structures for the adatoms and the restatoms were the same. In our previous study, we have found that on this surface, there are two types of topographic contrast images depending on the tip apex structure and/or composition. 9) In one of them only the adatoms are imaged, while in the other both the adatom and the restatom are imaged. In some of the images in the latter case, the distinction between adatoms and restatoms is unclear due to a special configuration and/or composition of the tip apex. In NC-AFM images, it is generally thought that structural height difference would necessarily manifest itself in a difference of image contrast when images are acquired at small frequency shift values.
2) Due to the same pattern of the adatoms and the restatoms, it is difficult to judge the atomic sites only from the AFM information. Moreover, the fact that the difference in the electronic occupancy of the dangling bonds of both the adatoms and the restatoms of the Ge(111)-c(2Â8) surface 10) could affect the interaction force complicates the imaging mechanism in NC-AFM. In order to discriminate the atoms in the Ge(111)-c(2Â8) image, we had needed to evaporate a small number of Sn atoms in our previous study. 9) Sn atoms embedded in the adatom site of Ge(111)-c(2Â8) surface, which enabled us to interpret the image contrast of the Ge(111)-c(2Â8) surface. In STM measurements on the Ge(111)-c(2Â8) surface, on the other hand, the dual-polarity bias image acquisition method provides both empty and filled state images of the surface. It is possible to clarify the position of both the adatoms and restatoms. [11] [12] [13] In particular, in the filled state image acquired at sample bias voltage of À2 V, the partial charge transfer from the adatom to the restatom of the Ge(111)-c(2Â8) surface provides images with the restatoms enhanced over the adatoms. 13) In Fig. 2 , we have performed the AFM/STM simultaneous measurement on the Ge(111)-c(2Â8) surface at bias voltages of Vs ¼ 500 mV for Fig. 2(a) and (b) and of Vs ¼ À500 mV We have applied the AFM/STM measurement using PtIr tips on the TiO 2 (110) surface, one of the metal oxides that has attracted much interest over decades. Also on this surface, the PtIr AFM tip allowed us to image atomic force and tunneling current at the same time as in Fig. 3 . We obtained clean TiO 2 (110) surfaces by successive Ar ion sputtering and annealing. Comparing to previous study, 14) bright spot in STM image of Fig. 3(b) would be titanium. Bright contrast was also in the AFM image of Fig. 3(a) at the same rows, titanium atoms were imaged as bright spots. But we need to be careful for imaging mechanism because we have also found AFM image contrast depended on the material properties of the tip apex (data not shown). We also have confirmed that vacancy sites (circles in Fig. 3 ) in both AFM and STM images. Although we have found appropriate tip condition for the AFM/STM simultaneous measurements, there remain some issues for reliable data acquisition about imaging mode. In this paper, for tip-sample distance regulation, we used the feedback with atomic force by keeping the frequency shift constant during scan. In almost all previous study, feedback with AFM or STM was used. This might cause signal crosstalk between AFM and STM even when experimental parameters are set carefully. In order to reduce the crosstalk problem, constant height AFM/STM in which no feedback is activated should be employed and frequency shift and tunneling current should be detected simultaneously during scan. This mode requires the condition that movement of the tip-sample position is negligible. With conventional setup of AFM and/or STM experiments, however, relative tip-sample position always change due to the thermal drift, especially at RT. As one of the method for tip-sample control, compensation of the thermal drift using the atom-tracking 15, 16) and the feedforward 17) techniques are useful. Atom manipulation, [18] [19] [20] atom identification, 21) and force mapping 22) at RT in which precise tip-sample positioning is need have been successfully demonstrated using these techniques. We expect the application of the precise tip-sample positioning to the appropriate AFM/STM measurements. 23) In summary, we have performed simultaneous measurement of noncontact atomic force microscopy and scanning tunneling microscopy at room temperature and ultra-high vacuum. Si cantilever coated with PtIr enabled us to perform stable simultaneous imaging. On the Ge(111)-c(2Â8) surface, dual bias measurement was performed in order to discriminate adatoms and restatoms. We also succeeded in imaging TiO 2 (110) surface with the AFM/STM simultaneous measurement.
